The human heart is capable of functioning for decades despite minimal cell turnover or regeneration, suggesting that molecular alterations help sustain heart function with age. However, identification of compensatory remodeling events in the aging heart remains elusive. We present the cardiac proteomes of young and old rhesus monkeys and rats, from which we show that certain age-associated remodeling events within the cardiomyocyte cytoskeleton are highly conserved and beneficial rather than deleterious. Targeted transcriptomic analysis in Drosophila confirmed conservation and implicated vinculin as a unique molecular regulator of cardiac function during aging. Cardiac-restricted vinculin overexpression reinforced the cortical cytoskeleton and enhanced myofilament organization, leading to improved contractility and hemodynamic stress tolerance in healthy and myosindeficient fly hearts. Moreover, cardiac-specific vinculin overexpression increased median life span by more than 150% in flies. A broad array of potential therapeutic targets and regulators of age-associated modifications, specifically for vinculin, are presented. These findings suggest that the heart has molecular mechanisms to sustain performance and promote longevity, which may be assisted by therapeutic intervention to ameliorate the decline of function in aging patient hearts.
INTRODUCTION
The average age worldwide is projected to increase markedly in the coming decades. Advanced age is a primary risk factor for cardiac dysfunction and subsequent morbidity and mortality (1) . Treating age-related heart failure (HF) is complicated due to its heterogeneous etiologies. A multitude of remodeling events associated with cardiac aging are thought to impair myocardial performance (1, 2) . Remodeling fundamentally begins with molecular changes, such as altered cell growth regulation (3) and protein expression (4) . Because cardiomyocyte renewal in the heart is limited (5) , functional maintenance may depend on molecular remodeling over time-or age-related compensatory responses to minimize damage. Identifying compensatory aging events is difficult because of diverse aging processes within and between organisms and an abundance of maladaptive events. However, integrated approaches that identify conserved hallmarks of cardiac aging and verify their positive or negative functional consequences can assist in distinguishing therapeutic targets for treating age-related HF or improving outcomes during aging.
The cortical cytoskeleton in cardiomyocytes couples sarcomeres to the membrane at cell-matrix (costameric) and cell-cell junctions [intercalated disc (ID)], translates sarcomeric contraction into cell shortening, and undergoes remodeling in aging patients (6, 7) and during HF (8, 9) . Aging may therefore affect mechanotransduction, the signaling induced by changing physical forces, through cytoskeletal proteins. Vinculin, for example, is force-sensitive (10), regulates cell shape (11) and intracellular signaling (12, 13) , and is overexpressed in aging patient myocardium (7) . Mechanical loading of cardiomyocytes results in reinforcement of cell junctions (11, 14, 15) and increased vinculinmediated cross-linking of transmembrane proteins to the cortical actin superstructure (15, 16) . Conversely, mechanical unloading via left ventricular (LV) assist devices can restore baseline vinculin and cytoskeletal gene expression in HF patients (8, 9) , and, moreover, vinculin mutation alone can result in HF (17) . These data suggest relationships between the cytoskeleton, ventricular contractility, and ventricular load. Therefore, we hypothesized that vinculin may additionally influence cardiac performance with age. However, conservation of vinculin overexpression in aging model systems and its structural and functional consequences have never been investigated. Therefore, we examined these with complementary techniques in multiple aging systems of varying complexity.
We assessed conservation of known human aging hallmarks and identified novel molecular alterations by analyzing the LV proteomes of adult and aged simians (Macacca mulatta) and rats (Rattus norvegicus) using mass spectrometry (MS). Subsequent investigations suggested that the vinculin network has a central, conserved role in cardiac aging. Using Drosophila melanogaster, a rapidly aging and genetically tractable model system, we observed that cardiac vinculin overexpression induced extensive cytoskeletal and cellular remodeling and correlated with enhanced cardiac contractility and life span extension. In contrast to a perception that remodeling is predominantly maladaptive, these data strongly suggest a beneficial role for vinculin overexpression in the aging heart. We demonstrate vinculin-mediated cytoskeletal remodeling as a compensatory mechanism in which tensional homeostasis is altered to preserve cardiac function during aging. Vinculin network proteins may thus serve as potent therapeutic targets for improving HF patient outcome.
RESULTS
Simian and murine ventricles exhibit age-related cytoskeletal remodeling Proteomic quantification of LV free wall myocardial samples from adult and aged rhesus monkeys (11 and 22 years, respectively) and rats (6 and 24 months, respectively) was performed using MS (Fig. 1A) . Tryptic peptides (tables S1 and S2) and a total of 1206 (simian) and 1086 (rat) nonredundant proteins (tables S3 and S4) were quantified; of these proteins, 602 were common between species. On the basis of STRAP (Software Tool for Rapid Annotation of Proteins) analysis (18) of the cellular compartments in both proteomes, cytoskeletal proteins were among the most plentiful groups in monkeys and rats, regardless of gender and age ratios ( fig. S1 and table S5). The most abundant biological functions in both species involved molecules with a role in subcellular organization, or formation and maintenance of intracellular and/or organelle structure ( fig. S1 and table S6 ). On the basis of labelfree quantification via normalized spectral counts, proteins involved in the cytoskeleton and cell organization increased in quantity with age, especially in monkeys (Fig. 1B) . These proteins were associated with cardiac biological functions, including cardiovascular disease (table  S7) , and numerous cardiac toxicological functions, such as arrhythmia, hypertrophy, and failure (table S8) .
Given increased expression of peptides with cytoskeletal ontologies, Ingenuity Pathway Analysis (IPA) was used to determine interaction networks. We observed age-associated up-regulation of vinculin as well as components within the vinculin interaction network in rhesus monkeys (Fig. 1C ) and in rats ( Fig. 2A) . Figure 1D additionally depicts a vinculin-centric network of cardiac aging biomarkers whose deletion or mutation is also associated with cardiomyopathy in humans and thus may serve as therapeutic targets; to this end, table S9 annotates up-regulated cytoskeletal proteins in monkeys using comparative analysis with IPA and OMIM (Online Mendelian Inheritance in Man) (19) , a human genetic phenotype database. Interventional or therapeutic regulators of all age-up-regulated proteins from Fig. 1B were identified by IPA and are presented in table S10; those that regulate vinculin, specifically, are in fig. S2 .
Vinculin localization changes in aged rat ventricles
Relative to young (6 months) rats, aged (24 months) rats exhibited increased body weight, heart weight, and total cardiac output. However, heart weight and cardiac output normalized to body weight did not differ significantly ( fig. S3 ), suggesting that they were undergoing physiological aging and nonpathological hypertrophy at this age. Echocardiograms revealed significant changes in diastolic and systolic LV internal dimension which resulted in a modest decrease in fractional shortening with advanced age (Fig. 2, B and C) , as observed previously (20) .
Age-related differences in vinculin localization were characterized by histology. Vinculin accumulated at IDs [connexin 43 (Cnx43) + pixels] and lateral borders (Cnx43 − pixels) in aged rat myocardium, with an apparent preference at IDs (Fig. 2, D and E, and fig. S4 , A to D), similar to observations in elderly human hearts (7) . Vinculin binds to transmembrane proteins with its head domain and bundles or crosslinks cortical F-actin with its tail domain, and is conserved across monkey, rat, and fly ( fig. S5) (16, 21) . Increased vinculin expression may reinforce the cortical actin superstructure, leading to measurable changes in cortical stiffness. Therefore, we performed atomic force microscopy (AFM)-based nanoindentation on isolated rat cardiomyocytes to probe cortical stiffness ( fig. S6, A and B) , which reflects cytoskeletal integrity or actin superstructure abundance and the degree of crosslinking by actin-binding proteins. There were no significant differences in stiffness between age groups ( fig. S6C ). However, isolated cells at these ages were poorly spread and minimally adherent, suggesting that isolation compromised cytoskeletal integrity.
Mechanical assessments reflecting in vivo physiology would benefit from use of an in situ model system that is characterized by preserved cytoskeletal structure and protein homology. It has been shown that the D. melanogaster heart meets these criteria (22) (23) (24) . Thus, the rapidly aging fly allows for examination of cardiac remodeling over time without disruption of cytoskeletal integrity (Fig. 3) .
Drosophila heart remodeling is genotype-dependent The Drosophila heart consists of a bilateral row of cardiomyocytes that form a contractile tubular structure with a prominent anterior region called the conical chamber (Fig. 3A) . To investigate age-associated cardiac remodeling, we first quantified changes in heart diameter in two common fly genotypes, yellow-white (yw) and white (w 1118 ) (Fig. 3B) . Altered diameters are characteristic of cardiac remodeling. Diastolic diameter was significantly diminished at 5 weeks of age (aged) as compared to 1 week (adult) for both yw and w 1118 (Fig. 3C) , consistent with published results, which have suggested that diastolic restriction is a hallmark of cardiac aging in Drosophila (23, 24) .
Intact Drosophila heart tubes can be prepared for AFM-based indentation to measure cortical stiffness without damaging tissue ( fig. S7) . A correlation between decreased diastolic diameters and increased cortical stiffness has been previously demonstrated in aging Drosophila and cardiomyopathy models (22, 24) . Thus, we examined whether genotype-dependent changes in diastolic diameters with age correlated with stiffening. The conical chambers (Fig. 4A ) of relaxed hearts were indented in situ at the ventral midline, proximal to IDs (Fig. 4B, 0 mm) , and at distal positions, upon the costameres (Fig. 4B, 15 and 30 mm) . Cardiomyocytes from 1-week flies had relatively homogeneous stiffness independent of genotype (Fig. 4C) . However, yw exhibited cardiac stiffening, with preference to the ventral midline (Fig. 4C, green overlay) , suggesting that excessive chamber remodeling correlates with increased cortical stiffness. This correlation between severe diastolic restriction and cortical stiffening was observed in a third Drosophila genotype, white-Canton S (wCS) ( fig. S8 ), which demonstrated a cardiac aging phenotype similar to yw.
To examine the underlying contributors to cardiac stiffness in our system, Drosophila hearts were incubated in either blebbistatin, which inhibits actomyosin cross-bridge cycling, or cytochalasin D, which impairs cardiac contractility and depolymerizes cortical actin (25) . Fiveweek yw exhibited a significant reduction in stiffness at the midline after blebbistatin treatment, but reduction was more pronounced in cytochalasin D-treated hearts ( Fig. 4D and fig. S6D ). These data suggest that increased resting tone in the relaxed heart does not exclusively account for the measured stiffness increase and that the state of the actin cytoskeleton may be a major component of age-related stiffening. Expression differences in candidate actin-binding molecules were investigated from excised fly hearts using quantitative polymerase chain reaction (qPCR) to determine the molecular underpinnings of the ageassociated changes. Most cytoskeletal gene transcripts were up-regulated with age in yw, including Innexin-3 (152%), Vinculin (103%), aCateninrelated (99%), and aCatenin (58%). However, in w
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, most of these gene transcripts did not change significantly (Fig. 4E and table S11 ). Furthermore, vinculin preference at the ID was diminished in 5-week w 1118 flies, which is in contrast to ID preference at all ages in yw flies and rats (Figs. 2E and 4F). These data, in conjunction with an observed lack of cortical stiffening, indicate that minimal cytoskeletal reinforcement occurs in w 1118 with age as compared to yw or wCS ( fig. S8 ).
Mechanical function is preserved in aging Drosophila hearts that undergo cytoskeletal remodeling To determine whether increased passive stiffness is accompanied by altered active mechanics, we assessed the contractile dynamics of hearts beating against acute hemodynamic loads in situ. Precise measurements of shortening and lengthening intervals were made from high-speed videos ( Fig. 5A) , and the effect of load on heart wall velocities was assessed ( Fig. 5B) (26) . Shortening velocity is an index of relative force production. Oneweek w 1118 flies had indistinguishable myocardial shortening velocities relative to age-matched yw flies (P = 0.923 for genotype, repeated-measures two-way ANOVA). However, w 1118 velocities declined with age at all loads ( Fig. 5C ), whereas yw had preserved baseline shortening and lengthening velocities with age (P = 0.96, one-way ANOVA) (Fig. 5D ). Relative cardiac power output during shortening, as calculated from Hill's equation (27) fit over the loads tested, was diminished to a greater degree with age in w 1118 compared with yw Drosophila ( fig. S9 and table S12).
These data indicate that mechanical performance is impaired in aged w 1118 but is only evident under significant load for yw. Therefore, exaggerated diastolic restriction and cortical stiffening were not accompanied by contractile dysfunction; rather, restriction and stiffening correlated with preservation of baseline shortening and lengthening velocities. Correlation between vinculin expression and preserved contractility was also observed in wCS flies ( fig. S8 ).
Vinculin overexpression recapitulates the age-related cortical stiffening phenotype Our data suggest that cardiac vinculin overexpression is a conserved aging event, although its relationship to cardiac performance and organismal longevity remains unclear. Therefore, we first examined its functional consequences in Drosophila. Transgenes were strategically expressed (E) Vinculin expression with age at both IDs (Cnx43 + pixels) and lateral junctions (Cnx43 − pixels) as quantified using a method outlined in fig. S4 . In (C) and (E), *P < 0.05, **P < 0.01, or otherwise indicated, by Wilcoxon rank sum test. in w 1118 hearts, which did not stiffen with age, via the cardiac-specific tinHE-Gal4 driver (tinman heart enhancer) in conjunction with UASinducible Vinculin [vinculin heart-enhanced (VincHE)] or UASinterfering RNA (RNAi) against Vinculin [vinculin knockdown (VincKD)] (Fig. 6A) . Because decreased myosin and increased vinculin expression were both observed in our proteomic screen of rats and monkeys (Fig.  1C ) and in HF patients (4), we also established a line in which hearts coexpress UAS-RNAi against Myosin heavy chain (MhcKD) and UASinducible Vinculin, dubbed MhcKD + VincHE ( fig. S10) , to determine whether vinculin overexpression could rescue dysfunction resulting from impaired myosin motor expression. MhcKD + VincHE flies were compared to both control and a line expressing only UAS-RNAi against Myosin heavy chain (MhcKD). Cardiac-specific qPCR verified knockdown and/or overexpression for each respective gene ( fig. S11 ).
Structural and functional cardiac metrics were assessed in 1-week flies (Fig. 6A) . Vinculin preferentially localized to IDs in all lines except VincKD (Fig. 6B) . VincHE resulted in increased cardiac stiffness compared to controls, with preference at IDs, similar to 5-week yw (Fig. 6C) . MhcKD exhibited reduced cardiac stiffness across the heart, consistent with results obtained using other transgene drivers (24) . However, MhcKD + VincHE was indistinguishable from control, suggesting that vinculin overexpression could restore basal cardiac stiffness in hearts with myosin deficiency. Cytochalasin D treatment reversed the stiffening phenotype in VincHE (Fig. 6D ) in a pattern matching 5-week yw ( fig. S12 ), suggesting remodeling of the cardiac actin superstructure by increased vinculin. Increased vinculin expression, cortical stiffening, and similar response to drug treatments occurred in both w 1118 hearts overexpressing vinculin (VincHE) and 5-week yw. These data indicate a causative role for vinculin in inducing age-related changes in yw hearts and correlate with age-associated cytoskeletal changes observed in rodents, monkeys, and humans.
Elevated vinculin expression improves heart function, myofilament organization, and life span Heart dimensions and contractility were evaluated to examine the effects of vinculin overexpression on cell structure and function. VincHE had restricted cardiac diameters, although fractional shortening did not differ significantly from control (Fig. 6E) . MhcKD hearts were significantly dilated and had impaired fractional shortening relative to control. Compensation for myosin knockdown with vinculin overexpression in MhcKD + VincHE flies partially restored heart dimensions and fractional shortening relative to control genotype's level. With regard to relative force production, VincHE myocardial shortening velocity was significantly higher at all loads and displayed a less severe load-dependent decline in fractional shortening versus all other genotypes (Fig. 6F) . MhcKD heart wall velocities were diminished at all loads and resembled 5-week w 1118 (P = 0.19, two-way ANOVA). However, MhcKD + VincHE hearts demonstrated substantially increased shortening velocity and increased relative cardiac power output compared to MhcKD and resembled controls ( fig. S9 and table S12). Heart rate and period did not differ between VincHE and control and were depressed in MhcKD, but restored to control levels in MhcKD + VincHE ( fig. S13 ). Moreover, cardiac-specific vinculin overexpression substantially prolonged median organismal life span by as much as 150% (Fig.  6G ). These data suggest that VincHE hearts produce greater contractile forces, that vinculin overexpression can rescue diminished force production, and that cardiac-specific vinculin overexpression can increase longevity.
Computational studies have suggested a role for vinculin in regulating sarcomere lattice spacing and contractility (28) . Therefore, electron micrographs of cross sections through VincHE and control cardiac myofibrils were examined to investigate alterations in ultrastructure (Fig. 7A and fig. S14 ). Thick-thick interfilament lattice spacing was similar in control and VincHE (average spacing of 45.74 and 45.79 nm, respectively) (Fig. 7B) ; however, a significant reduction in lattice spacing variance was observed for VincHE flies (3.11 nm for control versus 0.89 nm for VincHE; P < 10
, F test). A similar reduction in variance was observed for thick-to-thin interfilament spacing. These data suggest that improved myofilament lattice order contributes to the enhanced cardiac contractility observed in VincHE flies. , white) normalized to the genotype-specific 1-week diameter. Data are normalized averages ± SEM (n > 20). *P < 0.05, ***P < 0.001, unpaired, nonparametric t tests.
DISCUSSION
Age-related HF results from chronic stressors that induce a heterogeneous array of physiological changes associated with overall negative outcome. However, individual events may be compensatory and required for maintaining function with age. Such events could be further promoted to treat failure or delay age-associated negative outcomes by therapeutic intervention in aging patients. An interrelationship between cytoskeletal composition and cell contractility has been presented recently (13) , and postmortem analysis of age-associated HF corroborated altered expression of cytoskeletal proteins (7, 8) . Although it is known that cytoskeletal molecules are crucial for cardiac function, a link between cytoskeletal remodeling and mechanical function has only been inferred (29) and not thoroughly vetted in aging cardiac systems. Our goal was to examine the contribution of cytoskeletal remodeling to function in aged organisms with varying myocardial complexity. Therefore, we integrated expansive proteomic analyses of mammals (rats and monkeys) with in-depth mechanistic analyses in a permissive invertebrate system (Drosophila). These data establish vinculinmediated cytoskeletal remodeling as a regulator of myocardial structure and contractility during aging. Furthermore, therapeutic targets for age-related HF are proposed on the basis of their expression changes and known importance to cardiac function. In sum, these findings help clarify the role of the cortical cytoskeleton in cardiac aging and indicate vinculin and other mechanosensitive molecules as biomarkers of healthy or beneficial aging and as potential targets for therapeutic intervention in aging patients.
A primary aim was to assess conservation of age-related cytoskeletal remodeling and its impact on myocardial performance across species (simian, rat, and fly) during normal aging (as opposed to pathological conditions). The unique but complementary use of each chosen model allows for cooperative approaches to study aging networks or cellular functions of interest. Monkeys have a relatively long life span and cardiac physiology similar to humans, and rats are widely used as a human cardiac pathophysiology model. However, neither is optimally suited for mechanistic dissection of candidate proteins. In contrast, D. melanogaster is a rapidly aging organism, has extensive proteomic and cellular homology to murine models (30) , and allows for tissue-specific genetic manipulation and experiments in which myocytes can be interrogated in situ with tools that directly visualize heart structure (24, 31, 32) or probe mechanics (22) (23) (24) without incurring damage to the heart (fig. S7). Cultured neonatal or stem cell-derived myocytes are often used to correlate mechanical and functional metrics (33, 34) . However, such systems can lack adult morphology or mature cell junctions owing to remodeling of their intracellular structure (35) and altered contractility (36) in response to ex vivo extracellular cues, such as super-physiological substrate stiffness. Conversely, the Drosophila heart model allows us to examine the intersection of tensional and physiological homeostasis as a function of age and genetic manipulation with intact structures. Notably, genotype-dependent differences exist within Drosophila, similar to what has been observed between mouse strains (37) , and thus, we selected two genotypes with diverse age-associated metrics (yw and w 1118 ) for comparison. Conservation of vinculin-mediated cytoskeletal remodeling and its correlation with preserved mechanical function with age were also observed in wCS.
Vinculin was a promising candidate for investigation because it formed a central hub within the network of changes identified by proteomics as well as its known overexpression in aging human myocardium (6, 7). Additionally, vinculin has been implicated in integrin-(10) and cadherin-mediated (15) mechanotransduction and actin cytoskeletal interactions (21) . Cardiac-specific vinculin deletion disrupts junctions and results in sudden death or cardiomyopathy in mice (38) . Thus, vinculin is an appropriate first candidate to induce cytoskeletal remodeling, examine its effects on myocardial performance, and investigate a functional role in aging. Increased cardiac vinculin expression in flies correlated with greater localization at the cortical cytoskeleton, subsequent cytoskeletal reinforcement, and increased contractility. Partial rescue of impaired contractility and fractional shortening in MhcKD + VincHE also support a role for vinculin-mediated compensation for myofilament dysfunction, as proposed previously (6) . Although it has been suggested that cardiac cytoskeletal remodeling would result in stiffening and subsequent dysfunction (29) , these data suggest that vinculin-mediated cytoskeletal reinforcement positively influences contractility and life span, as evidenced by elevated myocardial shortening velocities and the >150% increase in median life span in VincHE over control flies.
Vinculin overexpression may therefore be a conserved, beneficial hallmark of cardiac aging. Although the intrinsic molecular causes of vinculin overexpression in the aging heart remain unclear, upstream regulators and activating reagents have been identified that could be used for therapeutic vinculin overexpression. For example, growth differentiation factor 11 (GDF-11), a transforming growth factor-b family protein, positively regulates vinculin expression in the brain (39) , and its overexpression can reverse pathophysiological hypertrophy in aged mice (3). However, GDF-11 declines with age in mice, and humans have lower concentrations of GDF-11 than mice at all ages (3), implying that reduced GDF-11 is not the underlying cause of vinculin overexpression in aging patients. Antagonism of miR-34, a negative transcriptional regulator of vinculin, led to improved outcome in mice experiencing pressure overload or myocardial infarction and correlated with vinculin overexpression (40) , although vinculin was not specifically implicated as an active component of protection. Posttranslational modification of vinculin may also play a role in the aging process; vinculin localization is regulated by phosphorylation by the kinase Abelson (41), whose chronic inhibition by imatinib is associated with contractile dysfunction (42) .
Vinculin is localized to costameres and IDs and plays separate but complementary roles for cell-matrix and cell-cell adhesion. Our data > 29 for each age, genotype, and load). Shortening velocity is fit with Hill's equation for muscle, whereas lengthening velocity is fit with a general log function for illustrative purposes. *P < 0.05 and ***P < 0.001 using two-way ANOVA, where asterisks indicate P values for difference in velocity as a function of viscosity and age, respectively (that is, viscosity/age). N.S., not significant.
indicate that vinculin overexpression leads to cytoskeletal reinforcement, indicated by elevated cortical stiffness and increased myofilament lattice order (Fig. 7C) . Because costameres directly couple Z discs to the membrane, increased vinculin could improve their integrity and ability to anchor myofilaments sufficiently and in correct orientation. These data are consistent with in vitro assessment of vinculin-null mouse myocytes, which had reduced cortical stiffness and increased interfilament spacing (28) . Improved interfilament order may enhance the probability of actin-myosin cross-bridge formation, and thus the number of actively cycling motors (43) . Because the number of myosin heads engaged with thin filaments determines muscle performance (44) , increased order predicts elevated probability of strongly bound myosin cross-bridges and resultant force production. Vinculin's role at cellcell junctions, where it was preferentially localized in rats and flies, and where stiffness increased most significantly with age, is less clear. We hypothesize that ID-vinculin may help anchor myofibrils and facilitate longitudinal force transmission between myocytes, although additional studies are necessary to confirm this. Finally, crosstalk between the cortex and the Z disc, which is itself mechanosensitive (45) , may also occur during remodeling and impact force production. This study is limited to examination of vinculin-mediated cytoskeletal remodeling in Drosophila myocardium, where aging could be observed in a relatively short time. However, to more directly inform clinical outcomes, the contribution of vinculin overexpression to cardiac function should be further examined in larger mammalian models with physiology and life spans more similar to humans. In such models, a relationship between cardiac vinculin expression and clinically relevant functional metrics (pressure-volume relationship, ejection fraction, or In (C) to (E), *P < 0.05, **P < 0.01, compared to control by one-way ANOVA. (F) Heart wall velocities and fractional shortening assessed under viscous load and fit by Hill's model (shortening velocity) or a general log fit (lengthening velocity, fractional shortening, for illustration purposes). Data are means ± SEM (n > 29). *P < 0.05, **P < 0.01, ***P < 0.001, N.S. (not significant) comparing indicated genotype and control (black), two-way ANOVA. (G) Survival curves for indicated genotypes (n > 100). Gray lines indicate time in days to which 50% of starting population survived. **P < 0.01, ***P < 10 −6 for population over time versus control, two-way ANOVA. P = 0.025 for MhcKD + VincHE versus MhcKD (two-way ANOVA).
electrocardiogram) and organismal life span may be demonstrated. Additionally, these studies can directly elucidate how vinculin affects diastolic and systolic performance in patient hearts. With regard to clinical application, our data suggest that vinculin overexpression alone may be sufficient to improve cardiac outcome during aging, indicating that intervention with vinculin mRNA may be a viable therapy. Application of vinculin-based gene therapies in preclinical models should be explored for their potential to prevent or delay age-related dysfunction. Future studies may also examine the efficacy of clinical treatment with previously identified vinculin regulators (enzymes, kinases, microRNAs, and small molecules) with emphasis on improving contractility while minimizing off-target effects to maximize cardiac protection. Such studies would set the stage for clinical trials. Currently, no trials exist to directly up-regulate vinculin in patient hearts. In studies concerning age-related HF without direct focus on vinculin, relative changes in its expression may serve as a biomarker or predictor of outcome. Finally, although vinculin was the primary focus of this study, our proteomic analysis reveals a wide array of biomarkers that warrant further investigation of their possible role in indicating outcome in HF patients or as therapeutic targets.
Here, we have outlined a cytoskeletonbased compensatory mechanism in the aging heart that is conserved across species. In presenting aging cardiac proteomes and providing a proof-of-concept study of vinculin in cardiac aging, we aimed to establish a resource that will facilitate a broader examination of cardiac aging so that additional therapeutic targets and regulators of aging heart function can be identified and validated. Our findings highlight the interplay of the molecular, cellular, and ultrastructural state of the cytoskeleton in maintenance of function in the aging heart and that studies of mechanotransduction can directly inform clinical outcomes. Furthermore, they can assist in developing integrated therapies to promote beneficial aging processes while preventing or suppressing maladaptive events to improve cardiac function in elderly patients.
MATERIALS AND METHODS

Study design
The aim of this study was to investigate the contribution of cytoskeletal remodeling to maintenance of function in aging myocardium and the broader hypothesis that aging is accompanied by conserved, compensatory events. Heart function is dependent on hierarchical organization of molecular and cellular components across multiple length scales. Therefore, we chose to perform an analysis that integrated complementary information across these scales. Recognizing a need for a comprehensive library of myocardial proteins with altered expression with age, we performed broad-spectrum proteomic analyses of the LV free wall in monkeys and in rats. Monkeys were chosen because of their physiological similarity to humans, and rats were selected because of their demonstrated use as a model of human cardiac aging. We used MS methods that enriched specifically for cellular/cytoskeletal constituents and not extracellular matrix components, given that Costameres couple Z discs to the membrane and cross-link the cortical actin cytoskeleton. The terminal sarcomere ends at the ID, rather than a Z disc, which is populated by actin-based adherens junctions as well as desmosomal and gap junctions. Middle: Vinculin binds to integrin and cadherin complexes and can facilitate remodeling of the actin superstructure by nucleating and bundling F-actin via its tail domain. Bottom: Vinculin is overexpressed with age. We propose that this results in reinforcement of the cortical cytoskeleton via cell junctions, which in turn may have propagating mechanical effects through the myofilament lattice that supports or enhances its crystalline order. Thus, the cortical cytoskeleton can act as an extrasarcomeric regulator of myocyte structure and contractile function. Simplified schematic shown. Proteins indicated by gene name.
age-(6, 7) and mutation-associated (17) cytoskeletal alterations have been associated with HF. Validation of MS data was performed in flies, a model organism that ages rapidly and in which genetic tools allow for examination of the contribution of specific network hits to cardiac function. Because this work used the fly heart as a model to study the mechanobiology of cardiac aging, we assessed the extent to which the model recapitulates mammalian cytoskeletal changes of interest by examining changes in cytoskeletal gene expression associated with age in humans. Subsequent data illustrate changes in form and function after vinculin-mediated cytoskeletal remodeling. For all animals, ages were chosen on the basis of conventions for what constitutes post-development or adult and aged. One-week-old transgenic flies (Figs. 6 and 7) were examined to study the effects of cytoskeletal perturbations independent of aging. Flies of the appropriate age were selected randomly from larger populations for all experiments. Post hoc power analyses for the appropriate tests determined statistical power of at least 0.70 in mammals (Figs. 1 and 2 ) and at least 0.90 in flies (Figs. 3 to 7) given a of 0.05. Data were not blinded. No data were excluded from this study.
Vertebrate animals
Six adult (6 months) and six aged (24 months) female F344xBN F1 rats were obtained from the National Institute on Aging (NIA). Colony maintenance and experiments were performed in accordance with University of California, San Diego, Institutional Animal Care and Use Committee (IACUC) protocol S11032. Four adult (average, 11.63 years old; range, 8.75 to 14.12) and five aged (average, 22.4 years old; range, 18.81 to 25.48) male rhesus monkeys were maintained at the NIA in accordance with NIA IACUC protocol AG000238-07 (Effects of Aging on Experimental Atherosclerosis in Nonhuman Primates). Freshly isolated sections of LV rat myocardium were embedded in OCT and then flash-frozen in liquid nitrogen for subsequent histological analysis. Alternatively, rat and rhesus monkey samples where flash-frozen for subsequent proteomic analysis. Further details regarding echocardiography, cardiomyocyte isolation, and other mammalian experimental protocols are available in the Supplementary Materials.
Proteomic analysis of ventricular tissue
Heart tissues were prepared and analyzed by reversed-phase liquid chromatography tandem MS online with an Orbitrap Elite mass spectrometer (Thermo Scientific) coupled to an Easy-nLC 1000 system (Thermo Scientific), as described in Supplementary Materials and Methods. The analysis was operated in a data-dependent mode with full-scan MS spectra acquired at a resolution of 60,000 in the Orbitrap analyzer, followed by tandem mass spectra of the 20 most abundant peaks in the linear ion trap after peptide fragmentation by collision-induced dissociation. Database searching and processing are described in Supplementary Materials and Methods.
D. melanogaster lines, husbandry, and culture conditions Fly lines were obtained from the Bloomington Drosophila Stock Center at Indiana University or the Vienna Drosophila RNAi Center. Flies were raised on standard agar-containing food at 25°C. Cardiacspecific perturbation of gene expression was achieved via the Gal4-UAS system as described previously (46) . The UAS-Vinculin/UAS-MHCRNAi line (MhcKD + VincHE) was generated through a series of crosses between the individual UAS lines and the balancer line Cdc42/FM6;Sco/ CyO (fig. S10 ). Female progeny of tinHE-Gal4 and w 1118 served as control. Proper transcription of both constructs was validated using heartspecific gene expression analysis ( fig. S11 and Analysis of heart D. melanogaster parameters and performance under hemodynamic load Ventrally exposed hearts were prepared as described in Supplementary Materials and Methods, arranged on a 35-mm petri dish, and imaged at 10× with a Hamamatsu electron multiplier charge-coupled device digital camera (100 to 150 fps) mounted on a Leica DM LFSA microscope. At least five contraction events were recorded per heart. Hearts were then submerged in 10% (w/v) Ficoll in oxygenated hemolymph, allowed to equilibrate for 1 min, and then imaged again. Hearts were then submerged in 20% (w/v) Ficoll in oxygenated hemolymph, equilibrated for 1 min, and then imaged once more. All hearts remained beating after completion of imaging. Generation of m-mode kymographs and subsequent calculation of systolic and diastolic lengths, fractional shortening, and shortening and lengthening velocities were performed with previously described software that has been modified to permit measurement of contraction and relaxation phases of individual systolic intervals (26) . Shortening (contraction) and lengthening (relaxation) velocities were calculated by dividing the contraction distance by the contraction and relaxation intervals, that is, the time between the start of contraction and the start of isovolumic systole and the time between the end of isovolumic systole and the start of isovolumic diastole, respectively. A least squares fit was performed on the average shortening velocity for each genotype as a function of relative viscosity (MATLAB) based on Hill's equation (27) . Fits are displayed over the viscosity ranges tested. Coefficients of the Hill equation are provided in table S12.
Statistical analyses
Data comparison was subjected to either a nonparametric Student's t test with unequal variance assumption, a Wilcoxon rank sum test, a repeated-measures one-way ANOVA, a one-way ANOVA with post hoc Tukey correction, or a two-way ANOVA with post hoc Tukey correction, as indicated in respective captions. Significance was assigned for P < 0.05. Scatter plots reflect the average measurement of individual animals with black bars indicating the mean. Pooled data are represented as means ± SEM unless otherwise indicated. All Drosophila experiments were performed with biological replicates of 15 to 38 flies unless otherwise indicated. All other experiments were performed with biological replicates of indicated sample size.
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